RESPONSE 

I. Status of the Claims 

Prior to the fourth Action, claims 1, 14, 18, 23, 51, 52, 94, 96-99, 106, 107, 112, 117 
and 122-149 were pending and have been examined. Claims 107, 130, 131, 148 and 149 are 
allowed; and claims 134, 138 and 144 are allowable. Presently, claims 1, 94, 96, 97 and 99 have 
been amended, without prejudice or disclaimer. Claims 98, 107, 132-134, 136-138, 142-144, 
148 and 149 have been cancelled, without prejudice or disclaimer. No claims have been added. 

Claims 1, 14, 18, 23, 51, 52, 94, 96, 97, 99, 106, 112, 117, 122-131, 135, 139-141 and 
145-147 are therefore in the case. According to 37 C.F.R. § 1.121(c), a copy of the pending 
claims is provided in the amendment section. 

n. Support for the Claims 

Support for the revised claims exists throughout the specification and claims of the 
original and parent applications and particularly in the pending claims. 

Composition claims 1 and 94 have each been revised to define the antibody in terms of 
the two recited variable regions. This is supported throughout the specification as filed, and 
particularly by allowed claim 107. 

Pharmaceutical claim 96 has been revised to define the antibody in terms of the two 
recited variable regions. This is supported throughout the specification as filed, and particularly 
by allowed claim 148. 

Kit claim 97 has been revised to define the antibody in terms of the two recited variable 
regions. This is supported throughout the specification as filed, and particularly by allowed 
claim 149. 
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Finally, method claim 99 has been revised to define the antibody in terms of the two 
recited variable regions. This is supported throughout the specification as filed, and particularly 
by allowed claim 107. 

It will therefore be understood that no new matter is included within any of the amended 

claims. 

III. Rejection Under 35 U.S.C. § 112, First Paragraph as to Deposit 

The fourth Action at pages 2-4 newly rejects claims 106, 112, 117 and 122-129 under 
35 U.S.C. § 112, first paragraph, as lacking complete evidence of the deposit of biological 
materials, Le., the hybridoma producing the 3G4 antibody. The rejection is overcome. 

The specification as filed lists the name and address of the depository, the depositor, the 
dates of submission, the dates of receipt, the viability, the ATCC accession number, that the 
deposit was made under the provisions of the Budapest Treaty and that the hybridoma "will be 
made available by the ATCC under the terms of the Budapest Treaty upon issue of a U.S. patent 
with pertinent claims". 

As to the fourth Action's requirement for a declaration stating that the biological 
materials will be irrevocably and without restriction or condition released to the pubhc upon the 
issuance of a patent, AppHcants provide herewith the Declaration of Biological Culture Deposit 
by Philip E. Thorpe, where Dr. Thorpe makes the appropriate statements. 

The first rejection under 35 U.S.C. § 112, first paragraph is therefore overcome and 
should be withdrawn. 



13 



IV. Rejection Under 35 U.S.C. S 112. First Paragraph as to Enablement 

The fourth Action at pages 4-12 newly rejects claims 1, 14, 18, 23, 51, 52, 94, 96-99, 
132, 133, 135-137, 139-143 and 145-147 under 35U.S.C. § 112, fct paragraph, as allegedly 
lacking enabling support in the specification. Although Applicants respectfully traverse, the 
rejection is overcome. 

The fourth Action acknowledges enabling support for claims reciting three heavy chain 
CDRs and three light chain CDRs; and acknowledges enabling support for claims reciting either 
the heavy chain variable region or the light chain variable region (fourth Action throughout, e.g., 
pages 4 and 5). However, the fourth Action alleges that enabling support is lacking for 
antibodies with two variable regions that each comprises three CDRs in which only three of the 
CDRs are specified by sequence (fourth Action througjiout, e.g., page 5). Although the fourth 
Action at pages 4-12 repeats general comments regarding antibodies and cites certain references, 
the Action does not provide any actual reasoning in support of the rejection, but rather itself 
evidences sufficient enablement. The cited references also fail to support the rejection. 

As the fourth Action likely appreciates, claims reciting three heavy chain CDRs and three 
light chain CDRs, but not reciting any fi-amework sequences at all, are enabled, for example, by 
techniques including humanization and CDR grafting, known in the art prior to the invention and 
described in the specification as filed. Claims reciting a particular variable region with three 
CDRs and the fi-amework sequences, but not reciting any other CDRs or framework sequences at 
alL are enabled, for example, by techniques including phage display and chain shuffling, in 
which libraries are screened to select complimentary variable domains, also known in the art 
prior to the invention and described in the specification as filed. The fourth Action's indication 
of allowable subject matter acknowledges enabling support for these two groups of claims. 
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However, the fourth Action does not include any reasoning as to why the remaining 
claims lack enabling support, nor do any of the cited references support the rejection. Rather, the 
only position in the fourth Action, which is repeated using sUghtly different phrasing at 
pages 4-12, is that six CDRs and all supporting framework sequences are always necessary. 
However, such a position is contradicted by the two groups of allowable claims and the Action's 
own indication of enabled subject matter. Namely, that three CDRs and framework sequences 
are sufficient without any other CDRs or framework (fourth Action at top of page 5) and that no 
framework sequences need to be recited when six CDRs are present (fourth Action at bottom of 
page 4). Thus, a proper prima facie rejection has not been established. 

Taking the fourth Action's reasoning itself, it is agreed that [rodent] CDRs can be grafted 
into [human] framework and ftmction effectively. Thus, there is enabling support for preparing 
one chain in which three CDRs are defined by sequence. It is also agreed in the fourth Action 
that one chain can be kept constant and a completely new chain, without definition of any CDRs 
or framework, can be selected and fimction effectively. Thus, enabling support clearly exists for 
the rejected claims, as one need only perform two steps, each of which are acknowledged to be 
enabled. There is nothing in these techniques, which are agreed to be enabled, that would render 
them lacking in enablement when performed together (either grafting and screening, or two 
screening steps using phage display). 

The fourth Action does not include any reasoning as to why two routine steps could not 
be performed in combination; for example, why one screening step using phage display is 
enabled, but two such steps are not enabled. Nor do any of the cited references raise any doubts 
about such techniques, either alone or in combination, or otherwise suggest that the rejected 
claims lack enabling support. 
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As to the cited references in particular, the fourth Action cites Paul (1993), Rudikofif 
(1982), Colman (1994), Bendig (1995), MacCallum (1996) and Casset (2003) as allegedly 
supporting the position that six CDRs and all supporting framework sequences are required. The 
fourth Action also cites Severs (2004), Luster (2006) and Ran (2005) as allegedly supporting the 
position that the screening methods as contemplated in the speciiication would not permit 
selection of an antibody of the rejected claims. In fact, none of these references support the 
Action's positions, or otherwise suggest that it would require undue experimentation to obtain an 
antibody of the rejected claims in light of the present disclosure. 

As to Paul (1993), Rudikoff (1982), Colman (1994), Bendig (1995), MacCallum (1996) 
and Casset (2003), it is first noted that many of these references were published considerably 
before Applicants' priority date, with Rudikoff, for example, being published 20 years before the 
priority date, and now 26 years ago . Thus, many of the cited references are out-dated 
publications, which cannot be used to cast doubt on the enabling support in the specification or 
the level of skill in the art when the application was filed. In any event, even if these references 
were all contemporary, they either lack relevance to the rejected claims and/or fail to support the 
rejection (and are all contradicted by the Action itself, as set forth above). 

For example, Rudikoff (1982) and Casset (2003) are prima facie irrelevant to the rejected 
claims. Rudikoff is cited for the position that changes in the amino acid sequence of CDRs may, 
in some situations, alter antigen-binding specificity (Rudikoff at abstract, emphasis as in 
original). MacCallum (1996) is later cited for a similar position, i.e., that non-contacting 
residues within CDRs can define canonical backbone conformations. Casset is cited for the 
position that not just one CDR is essential for antigen binding and that CDRs other than CDR H3 
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play an important role (fourth Action at page 8). Even if correct, which is not the case', these 
issues are irrelevant as the rejected claims do not recite changes in the amino acid sequence of 
the CDRs and do not recite just one CDR. As to the rejection at hand, Rudikoff and Casset (and 
MacCallum) fail to support the rejection as they do not cast doubt on the ability of those of 
ordinary skill in the art to prepare an antibody recited in the claims, such as by performing two 
steps that are routine in the antibody field. 

Paul (1993), Colman (1994) and MacCallum (1996) are cited for general antibody 
information, such as naturally-occurring antibodies, Le., those resuhing from somatic 
recombination and hypermutation, use heavy and light chain variable regions to form antigen- 
binding sites (Paul), that conservative substitutions may abolish binding (Colman) and that 
certain residues outside the standard [Kabat] CDR definitions make antigen contacts 
(MacCallum)^. Aside fi-om the fact that information in these references supporting Applicants' 
position has been overlooked^''*, Paul, Colman, MacCallum (and Bendig^) do not support the 
rejection as they fail to cast doubt on known techniques available to practice the invention of the 
rejected claims as of their own publication dates, let alone as of the priority date of the present 
application. 



Casset more supports the use of just one CDR, rather than argues against it; as do other published references, 
including Qiu et al. Nature Biotechnology, 25(8):92 1-929, 2007 and Kiss et al. Nucleic Acids Research, 
34(19);el32, 2006, each made of record in Applicants' last response. 

"^Bendig shows that, as of 1995, reliable methods existed for humanizing rodent antibodies by grafting their CDRs 
into human antibodies. Bendig does not show that all six CDRs are required for antigen binding, which is anyway 
contradicted by the current allowance of claims including only three CDRs. 

^For example, Colman states that a non-conservative substitution may have very little effect on binding affinity 
(fourth Action at page 7; Colman at page 35) and supports enablement by teaching that amino acid changes are 
tolerated, even at the antibody-antigen interface, and that antibodies have conformational adaptability in antigen 
binding (Colman throughout, e.g., page 33, left column; page 35, right column). 

''Although MacCallum states that certain residues outside the standard [Kabat] CDR definitions make antigen 
contacts, this only appUes in between 1 and 6 instances &om 26 cases (MacCallum at page 733, colimin2). The 
: Action itself anyway acknowledges enablement for claims that do not recite any residues outside the standard CDR 
definitions. 
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As to Bevers (2004), Luster (2006) and Ran (2005), these references do not cast doubt on 
the screening methods of the specification (fourth Action at page 1 1) because, as known by those 
of ordinary skill in the art and taught in the specification, one need only perform such screening 
methods in the presence of serum, as performed throughout the working examples of the 
specification, including Example IV. Again, as throughout the rejection, the Action's position is 
anyway contradicted by its own reasoning, as screening methods to select an entirely new 
variable chain are clearly enabled. 

For the foregoing reasons, it is evident that a proper prima facie rejection has not been 
estabhshed. In particular, to support this rejection, the Office would need to provide reasoning, 
typically supported by references, showing that two admittedly enabled steps, routine in the 
antibody field, could not be performed in order to arrive at the invention of the rejected claims. 
Neither the fourth Action itself, nor any of the cited references, even approaches the required 
standard. The burden has thus been improperiy shifted to the Applicants. In re Wright, 27 
USPQ2d 1510, 1513 (Fed. Cir. 1993). Nonetheless, further evidence of enabling support is 
apparent in the art. 

If fact, the art shows enabling support for the use of phage display, as disclosed in the 
present specification, to obtain antibodies in which only one or two CDRs are maintained , let 
alone three CDRs, as recited in the rejected claims. By way of example only, Rader et al, Proc. 
Natl. Acad. Sci. USA, 95:8910-8915, 1998 (Exhibit A) shows, as of 1998, the successfiil use of 
phage display to select humanized antibodies containing only two rodent CDRs . Klimka et al., 
Brit. J. Cancer, 83:252-260, 2000 (Exhibit B) evidences enabling support for the use of phage 
display to successfijlly generate a substantially human antibody containing only one murine 
CDR . 
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Neither the fourth Action, nor any of the cited references, offers anything to counteract 
the successes exemplified by the Rader and Klimka publications and the rejection is therefore 
improper. The issue of conducting two screening steps, rather than one, is not a proper basis for 
an enablement rejection, as it has long been held that the need for some experimentation does not 
render a claimed invention unpatentable under 35 U.S.C. §112. Indeed, a considerable amount 
of experimentation may be permissible if such experimentation is routinely practiced in the art. 
In re Wands, 8 USPQ2d 1400, 1404 (Fed. Cir. 1988); In re Angstadt and Griffin, 190 USPQ 214 
(CCPA 1976). See also, United States vs, Telectronics, Inc., 8 USPQ2d 1217 (Fed. Cir. 1988), 
confirming that time and expense fail to show undue experimentation. 

Therefore, the rejection was improper and is overcome. Nonetheless, and without 
acquiescing with the present rejection in any way. Applicants elect to place this application in 
condition for issue using the allowed and allowable claims^. 

The second rejection under 35 U.S.C. § 1 12, first paragraph is therefore overcome and 
should be withdrawn. 

V. Enclosed Reference 

The foiirth Action enclosed a copy of Co & Queen, "Humanized Antibodies for 
Therapy", Nature, 351 :501-502, 1991, but did not cite this reference in the body of the Action or 
list it on the PTO-892. Applicants therefore request clarification fixim the Office in the next 
communication as to whether or not the enclosed Co & Queen reference was intended as part of 
a rejection and so should be listed on a PTO-892. 



^Composition claims of broader scope than those rejected have already issued as U.S. Patent No. 7,247,303 
(Attorney Docket No. 4001.003085) and other claims drawn to combinations with second therapeutic agents can be 
pursued in co-pending application Serial No. 10/642,1 16 (Attorney Docket No. 4001.003087). 



19 



VI. Concluision 

This is a complete response to the referenced Official Action. In conclusion, Applicants 
submit that, in light of the foregoing remarks and accompanying documents, the present 
application is in condition for allowance and such action is respectfully requested. Should 
Examiner Goddard have any questions or comments, a telephone call to the undersigned 
Apphcants' representative is earnestly solicited. 



Respectfully submitted. 



PEREGRINE PHARMACEUTICALS, INC. 
Customer No. 000052101 



Shelley P.M. Fussey, Ph.D, 
Reg. No. 39,458 
Agent for Ai>plicants 




5353 W. Alabama, Suite 306 
Houston, Texas, 77056 
(713) 439 0108 



Date: July 25. 2008 
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A phage display approach for rapid antibody humanization: 
Designed combinatorial V gene libraries 

Christoph Rader*, David A. CHEREsnt, and Carlos F. Barbas III*^ 

•Skaojs Fnsliiute for Chemical Biology and Department of Molecular Biology and iDcpartments of Immunology and Vascular Biology, The Scripps Research 
Institute, La Jolla, CA 92037 

Communicated by Frank J. Dixon, The. Scripps Research Institute. La Jolla, CA, May 21, 1998 (received for review March IS, 1998) 



ABSTRACT The development of a new strafcgj' ftir antihwiij 
humanizatEon is described. This strategy incorporates l<ey rec- 
ognition sequences from the parental rodent antibody into a 
phage display-based selection strategy. The original sequences of 
the third complemeutarity-deterniining regions (CDRs) of heavy 
and light chains, HCDR3 and LCDR3, were maintained and all 
other sequences were replaced by human sequences selected from 
phagc-displaycd antibody hbraries. This approach was applied to 
the hamanization of mouse niAb LM609 that is directed to 
human integrin c(,(li and has potential applicability in cancer 
therapy as an antiangiogenic agent. We demonstrate this ap- 
proach (i) pro\ides a rapid route for antibody humanization 
constraining the content of original mouse sequences in the final 
antibodies to the most hypervariable of the CDRs: (u) generates 
several humanized versions with difiier«nt sequences at the same 
time; (u7) results in affinities as as or higher than the 
affinity of the ordinal antibodyf and (iV) retains the antigen and 
epitope specificity of the original antibody. The production of 
multiple humanized variants may present advantages in the 
selection of antibodies tliat are more readily expressed on a large 
scale and could be important in therapeutic regimens that call 
tar long-term treatment with antibodies in which anttidiotypic 
responses might be avoided by administration of alternative 
antibodies. 



Since the development of the hybridoma approach (1), a large 
number of rodent mAbs with specificity for antigens of ther- 
apeutic interest have been generated and characterized. The 
fact that rodent antibodies are highly immunogenic in humans, 
hovrever, severely limits their clinical applications, especially 
when repeated administration is required for therapy. As a 
means of circumventing this limitation, several strategies have 
been developed to convert rodent antibody sequences into 
human antibody sequences, a process teimed antibody human- 
ization. Ideally, antibody humanization must not diminish 
specificity and affinity toward the antigen whereas immuno- 
genicity must be completely eliminated. It has become appar- 
ent that the accomplishment of both aims is usually a time- 
consuming and costly undertaking with even the most current 
humanization strategies. Here, we report the development of 
a new humanization strategy that combines rational design 
with combinatorial selections using phage display. We dem- 
onstrate that this approach provides a rapid route to antibody 
humanization and demonstrate its application to the human- 
ization of mouse mAb LM609 which is directed against the 
human integrin ayjSa. We chose LM609 as a model antibody 
for our humanization strategy because of its clinical potential. 
Recent findings by Brooks et al. (2-4) in a chorioallantoic 
membrane model and a severe combined immunodeficient 
mouse/human skin chimeric model have shown that LM609, 
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when administered i.v„ is able to reduce growlh and metastasis 
of human tumors due to the inhibition of angiogenesis induced 
by tlie tumors. These findings suggest that integrin ov^i may 
be a target and LM609 a tool for cancer therapy. 

MATERIALS AND METHODS 

Proteins and Cell lines. Human integrin avft was purified 
from human placenta as described (5). Human integrin ctatSi was 
purchased from Enzjme Research Laboratories (South Bend, 
IN). mAb LMe09 was described previously (6) and mAb AP.3 was 
kindly provided by P. Newman (Milwaukee Blood Center, Mil- 
waukee, W). LM609 Fab was generated from IgG by digestion 
with immobilized papain using the IramunoPurc Fab Preparation 
kit from Pierce and separated from Fc and undigested by 
three consecutive runs on a protein A colimm. CS-1 hamster cells 
were transfected with either human jSj or ft? cDNA as described 
(7) and maintained in RPMI 1640 supplemented with 10% fetal 
calf serum and 500 fjtg/nd G-418 (life Technologies, Gaithers- 
burg, MD) at 37°C and in 7% CO2. 

cDNA Cloning of LM609. Total RNA was prepared from 10* 
LM609 hybridoma cells (6) using the RNA Isolation kit from 
Stratagene. Reverse transcription and PCR amplification of the 
Fd fragment- and light chain-coding sequences were performed 
essentially as described (8). Fd fragment- and light chain-coding 
PCR products were cut with XhollSpel and SacVXhal, respec- 
tively, and iigated sequentially into the appropriately dige.sted 
phagemid vector pComb3H (9). The ligatitiri producLs were 
introduced m\o Escherichia coli strain XLl-Biuc by elect rotrans- 
formation and subsequent steps were as described (10) to pro- 
duce phage displaying Fab on their surface. Phage were selected 
by panning (10) against immobilized human integrin aviSj. After 
two panning rounds, single clones were analjrzed for LM6()9 Fab 
expression. Supematants from cultures that had been induced by 
the addition of isopropyl /3-D-thiogalaclopyransoside (10) were 
tested for binding to ayfo by ELISA using goat anti-mouse 
F(ab')2 conjugated to alkaline phosphatase (Pierce) as secondary 
antibody. The sequence of Fd fragment- and light chain-coding 
sequences of positive clones was determined by DNA sequencing. 

Amplification of Human Light Chain and Fd Fragment Se- 
quences. Total RNA was prepared from bone manow of fi\-e 
healthy donors supplied by Poietic Technologies (Germantown, 
MD) shortly after aspiration using TRI REAGENT (Molecular 
Research Center, Cincinnati, OH) and was further purified by 
lithium chloride precipitation (11). First-strand cDNA was syn- 
thesized usmg the SUPERSCRIPT Preamplification System for 
First Strand cDNA Synthesis kit with oligo(dT) priming (Life 
Technologies). Tlie generated five first-strand cDNAs were sub- 
jected to separate PCR amplifications. V„, V^, and Vh sequences 
of each of the first-strand cDNAs were amplified using the 
primers listed below. All amplifications were performed under 
standard PCR conditions using Taq polymerase (Pharmacia). 



Abbreviations: CDR, complementarity-determining region; FR, 
framework region. 

*To whom reprint requests should be addressed at: The Scripps 
Research Institute, BCC-515, 10550 North Torrcy Pines Road, La 
Jolla, CA 92037. e-mail: carlos@scripps.edu. 
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While the sense primers hj'bridize to sequences that encode the 
N-terminal amino acids of the various V^, Va, and Vh families, 
the antisense primers hybridize to sequences that encode the 
C-terminal amino acids of framework region 3 (FR3) of V„, V;,, 
or Vh, respectively, vi'hich are highly conserved (12). The primers 
used for the amplification of human antibody sequences are 
sense primers: HSCKl-F, 5'-GGGCCCAGGCGGCCGAGCT- 
CCAGATGACCCAGTCTCC-3'; HSCK24-F, 5'-GGGCCCA- 
GGCGGCCGAGCTCGTGATGACYCAGTCTCC-3'; HSCK- 
3-F, 5'-GGGCCCAGGCGGCCGAGCTCGTGWTGACRCA- 
GTCTCC-3'; and HSCK5-F, 5'-GGGCCCAGGCGGC- 
CGAGCTCACACTCACGCAGTCTCC-3'; V„ antisense prim- 
ers: BKFR3UN, 5'-CAGTAATACACTGCAAAATCTTC-3'; 
BK2FR3UN and 5'-CAGTAATAAACCCCAACATCCrC-3'; 

sense primers: HSCLamla, 5'-GGGCCCAGGCGGCCGA- 
GCrCGTGBTGACGCAGCCGCCCTC-3'; HSCLamlb, 5'-G- 
GGCCCAGGCGGCCGAGCrCGTGCTGACrCAGCCACC- 
CTC-3'; HSCLam2, 5'-GGGCCCAGGCGGCCGAGCTCGC- 
CCTGACTCAGCCTCCCTCCGT-3'; HSCLamS, S'-GGG- 
CCCAGGCGGCCGAGCTCGAGCTGACTCAGCCACCCT- 
CAGTGTC-3'; HSCLam4, 5'-GGGCCCAGGCGGCCGAGC- 
TCGTGCTGACTCAATCGCCCTC-3'; HSCLam6, 5'-G- 
GG CCCAGGCGG CCGAGCTC ATGCTG ACTC AG CCC- 
CACrC-3'; HSCLamTO, 5'-GGGCCCAGGCGGCCGAGCT- 
CGGGCAGACTCAGCAGCTCTC-3'; HSCLam78, 5'-GGG- 
CCCAGGCGGCCGAGCrCGTGGTGACYCAGGAGCCM- 
TC-3'; and HSCLam9, S'-GGGCCCAGGCGGCCGAGCTCG- 
TGCTGACTCAGCCACCTTC-S'; Va antisense primer: 
BLFR3UN, 5'-GCAGTAATAATCAGCCTCRTC-3'; Vh 
sense primers: HFVHl-F, 5'-GCTGCCCAACCAGCCATGG- 
CX:CAGGTGCAGCTGGTGCAGTCTGG-3'; HFVH2-F, 5'- 
GCTGCCCAACCAGGCATGGCCCAGATCACCTTGA- 
AGGAGTCTGG-3': HFVH35-F, 5'-GCTGCCCAACCAG- 
CCATGGCCGAGGTGCAGCTGGTGSAGTCrGG-3'; and 
HFVH4-F, 5'-GCTGCCCAACCAGCCATGGCCCAGGT- 
GCAGCrGCAGGAGTCGGG-3'; Vh antisense primer: 
BFR3UN, 5 '-CGC ACAGT A ATACACGGCCGTGTC-3 ' . 

Constroction of a Chimeric Mouse/Human Fd Fragment by 
Fusing Vi, of LM609 to Hnraan C»l. The phageniid vector 
pComb3H containing the LM609 Fab sequence was used as a 
template for airiphTicalion of the sequence cncodinc; the 
N-lerminal FRI through FR3 fragment of the LM609 V„ by 
the PGR primer pair PELSEQ (5'-ACCTATTGCCTACG- 
GCAGCCG-3 ' )/BFR3UN (5 '-CGCACAGTAATACACG- 
GCCGTGTC-3'). By overlap-extension PGR (13), the 
PELSEQ/BFR3UN product was fused to a PGR fragment 
encoding the HCDR3 of LM609, FR4 of Vh, and the entire 
ChI domain of the human anti-gpl20 antibody b8 (14), This 
fragment was generated from the PGR primer pair CR501 
(5'-GACACGGCCGTGTATTACTGTGCGCGTCATAAC- 
TACGGCAGTTTTGCTTACTGGGGCCAGGGAACCCT- 
G-3')/CR301 (S'-GAGGAGGAGGAGGAGACTAGTTTT- 
GTCACAAGATTTGGGCTC-3'). FR4 of bS was chosen 
because it is identical to FR4 of the LM609 Vh, with the 
eixception of the C-terminal amino acid, which is A for LM609 
and S for b8. The product of the overlap-extension PGR was 
cut with Xhol/Spel, ligated into the appropriately digested 
phagemid vector pComb3H, cloned, and the correct sequence 
was confirmed by DNA sequencing. 

Substitution of the LM609 Light Chain by a Human Light 
Chain That Contains the LCDR3 of LM609. Using overlap- 
extension PGR, the amplified human sequences encoding the 
N-terminal FRI through FR3 fragment of V„ and Va were 
fused to PGR fragments encoding the LCDR3 of LM609 
coupled to FR4 of human V„ or Va and the human C^ or Ca 
domain. Two k fragments were generated by the PGR primer 
pairs CR503 (5'-GAAGATTTTGCAG TGT'AT'rACTGCC- 
AACAGAGTAACAGCTGGCCTCACACGTTTGGCCA- 
GGGGACCAAGCTG-3')/T7B (5'-AATACGACTCACTA- 
TAGGGCG-3') and CR508 (5'-GAGGATGTTGGGGTTT- 



ATTACTGCCAACAGAGTAACAGCTGGCCTCACACG- 
TTTGGCCAGGGGACCAAGCTG-3')/T7B using the 
sequence of the anti-gpI20 antibody bll in pComb3 as a 
template (14). FR4 of bll was chosen because it is identical to 
FR4 of the LM609 V„, with the exception of the third amino 
acid, which is G in LM609 and Q in bll. The 23-bp overlap of 
CR503 with BKFR3UN and CR508 with BK2FR3UN allowed 
the fusion of the corresponding PGR products by overlap- 
extension PGR, A A fragment was generated by the PGR 
primer pair CR510 (5'-GAYGAGGCTGATTATTACTGC- 
CAACAGAGTAACAGCTGGCCTCACACGTTCGGCG- 
GAGGGACCAAGCTG-3')/CLext (5 '-AGAGAGAGAGA- 
GAGAGAGAGCGCCGTCTAGAATTATGAACATTCT- 
GTAGG-3') using CLext-primed, first-strand cDNA from 
human bone marrow as a template. The 21-bp overlap of 
CR510 with BLFR3UN allowed the fusion of the correspond- 
ing PGR products by overlap-extension PGR. The generated 
light chain-coding sequences were cut with Sacl/Xbal and 
ligated into the appropriately digested phagemid vector 
pCombSH that contained the chimeric mouse/human Fd frag- 
ment. Electrotransformation of the ligation products into E. 
coli strain ER 2537 (New England Biolabs) resulted in a light 
chain library consisting of 1.5 X 10^ independent transfor- 
mants. DNA sequencing revealed the correct assembly of the 
fused fragments. Four rounds of panning against immobilized 
human integrin «vp-5 were carried out using 200 ng of protein 
in 25 Ml of metal buffer [25 mM Tris-HCI (pH 7.5), 137 mM 
NaCl, 1 mM KCI, I mM MgCi., 1 mM CaCb, and 1 mM 
MnCh] for coating, 0.05% Tween 20 in Tris-buffered saline for 
washing, and 10 mg/ml trypsin (Difco) in Tris-buffered saline 
for etution. Trypsin ization was for 30 min at 37°C. The washing 
steps were increased from 5 in the first round to 10 in the 
second round and 15 in the third and fourth rounds. Tiie 
output phage pool of each round was monitored by phage 
ELISA using sheep anti-M13 conjugated to horseradish per- 
oxidase (Pharmacia) as secondary antibody. After the fourth 
round, phage were produced from single clones and tested for 
binding to qvAi by phage ELISA. Light chain-coding se- 
quences of positive clones were analyzed by DNA sequencing 
using the primer OMPSEQ (5'-AAGACAGCTATCGCGAT- 
TGCAG-3'). 

Substitution of the LM609 Fd Fragment by a Human Fd 
Fragment That Contains the HCDR3 of LM609, Three PGR 
fragments were fused in one step by overlap-extension PGR. 
Using the selected phagemids from the liglit chain panning as a 
template, fragment 1 was amplified with the PGR primer pair 
RSC-F (5 ' -G AGG AGG AGG AG GAGG AGGCG G GGC- 
CCAGGCGGCCGAGCTC-3')/lead-B (5'-GGCCATGGCTG- 
GTTGGGCAGC-3'). While the sense primer RSC-F hybridizes 
to a sequence upstream of the light chain-coding sequence, the 
antisense primer lead-B hybridizes to a sequence upstream of the 
Fd fragment-coding sequence. The amplified human sequences 
encoding FRI through FR3 of the Vh fragment (see above) were 
used as fragment 2. Fragment 3 was amplified with the PGR 
primer pair CR501/HIgGl-B (5'-GCAGAGCCCAAATCTT- 
GTGACACTAGTGGCCAGGCCGGCCAG-3') using tlie hy- 
brid mouse/human Fd fragment (see above) as a template. Tlie 
antisense primer HIgGl-B hybridizes to the 3' end of the 
CHl-coding sequence. Using the 21-bp overlap of lead-B with the 
HFVH-F primers and the 24-bp overiap of BFR3UN with 
CR501, the three fragments were fused and amplified with the 
PGR primer pair RSC-F/RSC-B (5 ' -GAGG AGG AGG AG- 
GAGGAGCCTGGCCGGCCTGGCCACTAGTG-3'). The an- 
tisense primer RSC-B overlaps with HIgGl-B. RSC-F and 
RSC-B introduce two asymmetric Sfil sites. To maintain high 
complexity, separate PCRs were performed for each selected 
phagemid from the light chain panning (fragment 1) and for each 
of the five Vh fragment pools derived from the five first-strand 
cDNA sources (fragment 2). The generated fragments encoding 
the selected hiunan light chains linked to human Fd fragments 



8912 Medical Sciences: Rader et aL 



Pmc Natl. Acad. Sci. USA 95 (1998) 



were cut with Sfii and iigated into tiie appropriately digested 
phagemid vector pComb3H, generating a library of 3 X 10' 
independent transformants. DNA sequencing revealed the cor- 
rect assembly of the fused DNA fragments. Four rounds of 
panning against immobilized human integrin ovAi were carried 
out as described for the light chain panning. The output phage 
poo! of each round was monitored by phage EUSA. After the 
fourth round, soluble Fab was produced from single clones as 
described (10) and tested for binding to immobilized avfti by 
ELISA using goat anti-human F(ab')2 conjugated to aUsaline 
phasphatase (Pierce) as secondary antibody. Light chain- and Fd 
fragment-coding sequences of positive clones were analyzed by 
DNA sequencing U!5mg the primers OMPSEQ and PELSEQ, 
respectively. 

Flow Cytometry. Flow cytometry was performed using a 
FACSscan instrument from Becton Dickinson. For each deter- 
mination, 5 X W untransfected hamster CS-1 cells or hamster 
CS-1 cells transfcctcd with either human ^3 or jS, cDNA were 
analyzed. Indirect immunofluorescence staining was performed 
with 2 ;ig/mi Fab in 1% BSA, 25 miVl Hepes, and 0.05% sodium 
azide in PBS supplemented with 1 % nonimmune goat serum. A 
1:100 dilution of fluorescein isothiocyanate-conjugaled goat anti- 
human F(ab'); (Jackson ImmunoResearch Laboratories) was 
used for detection. Incubation with primary antibodies was for 
1 h, with secondary antibodies for 30 min, at room temperature. 
Competition experiments were performed by adding a fourfold 
molar excess of LM609 or AP3 IgG to the incubation mixture 
with the primary antibodies. 

Surface Plasmon Resonance. Association (Aon) and dissocia- 
tion (/Cotf) rate constants for binding of mouse and humanized 
LM609 Fi^ to human integrin a^ft were determined by surface 
plasmon resonance on a Biacore instrument (Pharmacia). The 
sensor chipin'as activated for immobilization with AT-hydroxysuc- 
cmimide and A'-ethyl-A'"-(3-diethyl aminopropyi)carix>diim!de 
according to the methods outlined by Pharmacia, Human mtegrin 
Qfvfo was coupled to the surface by injection of 6-9 of a 50 
ng//Lil sample in 10 mM sodium acetate (pH 3.5). Between 5,000 
and 10,000 resonance units were immobilized. Subsequently, the 
sensor chip was deactivated with 1 M ethanolamine (pH 8.5). 
Binding of Fab to ay/Js was studied by injection of Fab in a range 
of concentrations (10-600 nM), using PBS as a running buffer. 
The sensor chip was regenerated with 10 mM HQ and remained 
acti\'e for at least 50 measurements. Based on five measurements 
at different Fab concentrations, the kon. and k^ts values were 
calculated using Biacore kinetics evaluation software (Pharma- 
cia) and the equilibrium dissociation constant, ifd- was calculated 
immkonlkon- The reliability of the data was vahdated by analyzing 
the binding of each Fab on at least two different sensor chips and 
by applying the internal consistency tests suggested by Schuck and 
Minton (15). In addition, the rough range of the values was 
independently confirmed by competition EUSA using a proce- 
dure described by Friguct et ed. (16). 

RESULTS 

cDNA aoning of LM609. cDNAs encodii|g the Fd fragment 
and entu'e light chain were cloned by PCR from LM609- 
expressing hybridoma cells (6). The PCR products were cloned 
into the phage display vector pComb3H (9), which is derived from 
pComb3 (10), and engineered to facilitate the expression of Fab 
on the surface of M13 filamentous phage. Phage displaying 
LM609 Fab were selected by panning against immobilized human 
integrin cty/Sj and the corresponding cDNA sequences were 
determined. The cloned LM609 Fab purified from E. coli dem- 
onstrated specific binding to avjSs using the ELISA. 

Hamanizution of the Light Chain of LM609. Our human- 
ization strategy is outlined in Fig. 1. It involves two selection 
steps for the sequential humanization of the light chain and the 
Fd fragment of the heavy chain. Throughout these selections 
the only preserved sequences in the variable domains of light 



chain ( Vl) and heaw chain ( Vh) are two of sk CDRs. LCDR3 
and HCDR3. 

For the humanization of the light chain, the mouse Fd 
fragment was substituted by a chuneric Fd fragment composed 
of mouse Vh linked to the human constant domain 1 of the 
heavy chain, ChL A single residue in the mouse FR4 was 
converted to the corresponding human residue, resulting m 
complete humanization of the FR4 region. Humanization of 
the light chain began by substituting the gene segment of 
LM609 by a human V« and gene library joined at the 
LCDR3 junction. As described for the Fd fragment, the FR4 
region was humanized by one amino acid change and ap- 
pended to a human Ck region. To ensure a highly diverse V 
gene library, the human antibody sequences were amplified 
from cDNA prepared from the bone marrow of five healthy 
individuals using a variety of oligonucleotides that were de- 
signed to amplify most of the known human antibody se- 
quences (see Materials and Methods). The corresponding 
phage libraries displaying hybrid Fab were combined and 
selected by four rounds of pann ing against immobilized human 
integrin avPs- Analysis of the output phage pool from each 
round for binding to avfo by phage ELISA revealed an 
increasing signal. After the fourth round of selection, six clones 
that demonstrated strong reactivity to the antigen were stud- 
ied. DNA sequence analysis of these clones revealed three 
different light chain sequences. Two light chains (Fig. 2A), 
found in five of six positive clones, differed in only four amino 
acids (i.e., they were 96% identical), whereas a third light chain 
sequence shared about 80% identity with the other two (data 
not shown). This latter sequence consisted of two parts, each 
of which could be aligned to germ-line genes from different 
families: thus, this light chain sequence probably arose from 
PCR crossover, which has been reported to occur frequently in 
the amplification of antibody sequences (17). 

The selected human Ughl chains are k light chains as was the 
original mouse light chain. Databank screening revealed that the 
selected human light chains arc derived from the same germ-line 
gene, namely, DPK-26, which belongs to the V„6 family (Fig. 2^1). 
Th is result supports a strong selection for the light chains since tlie 
V«6 family represents only a small fraction of the expressed 
human repertoire (18, 19). An obvious reason for this strong 
selection is the strong sequence similarity between the selected 
human light chains and the original mouse light chain. Limited 
sequencing of the unselected library confirmed its diversity and 
did not reveal any VK6-containing clones. Moreover, in contrast 
to the unselected' sequences, both LCDRl and LCDR2 of the 
selected human light chains are highly similar to the correspond- 
ing mouse -sequence (Fig. 2^1). The C-terminal amino acid of FR2 
(Kabat position 49; ref. 12) of the original mouse light chain 
sequence is a lysine, which is an unusual amino acid at this 
position and, thus, may be involved in the formation of the 
antigen-binding site. Interestingly, this lysine is conserved in our 
selected sequences (Fig, lA) as well as in the two known human 




Fig. 1. Humanization of nonhuman monoclonal antibodies by a 
combination of CDR grafting and V gene shuffling. Nonhuman se- 
quences are shown in gray, human sequences in white. In the first step, 
a chimeric nonhuman^liuman Fd fragment is used as a template for the 
selection of a human light chain that contains the grafted LCDR3 loop 
of the nonhuman light chain. In the second step, a human Fd fragment 
that contains the grafted HCDR3 loop of the nonhuman Fd fragment is 
selected. The sequendal V gene shuffling procedure is based on phage 
display. LCDR3, complementarity-determining region 3 of light chain; 
HCDR3, complementarity-determining region 3 of heavy chain. 
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Fig. 2. Amino add sequence alignment of mouse and humanized LM609. Shown are FRs and CDRs, Dashes indicate identical amino adds. 
Note that due to our grafting procedure CDR3 is identical in the original mouse and the selected himian sequences. {A) Alignment of the selected 
human Vl sequences. Databank screening revealed that the tm> selected human Vl sequences are derived from germ-line DPK-26 of the V„3 family. 
(B) Alignment of the selected human Vh sequences. Five different human Vh sequences were selected. Four of them, represented by clones 7, 
4, 24, and 2, are highly related in amino acid sequence; they share an identical Vl domain and an amino acid sequence identity of at least 85% 
in their Vh domains. The Vh sequences are all derived from germ-line DP-65 or the highly related DP-78. In contrast, clone 11 represents a 
humanized version with a Vh domain that is derived from a different germ-line family. This humanized version also contains a different Vl domain 
which is 96% identical and derived from the same germ-line. Germ-lines were determined by nucleic acid sequence ahgnment using DNAPLOT 
software provided by the VBASE Directory of Human V Gene Sequences (http://www.mrc-cpe.eam.ac.uk/imt-doc/). 'clone 11, germ-line DPK-26 
(V,6 family); ^doatil., 4, 7, 24, germ-line DPK-26 (Vk6 family); 'clone 11, germ-line DP-10 (VhI family); *clone 7, germ-line DP-78 (Vh4 family); 
5clone 4, germ-line DP-65 (Vh4 family); ^clone 24, germ-line DP-65 (Vh4 family); ''clone 2, germ-line DP-65 (Vh4 family). 

germ -1 ine ¥^6 sequences, whereas all of th e unselected sequences 
that were analyzed contained a tyrosine instead. The V^G family 
is the only human V„ family that contains a lysine at this position. 
To study whether the selected humaji light chains are derived 
from germ-line V genes that are mo.st similar to the original 
mouse Sight chain, the VBASE directory of human V gene 
sequences (maintained by I. M, Tomlinson, @ http://ft'ww.rarc- 
cpe.can:.ac.uk/imt-doc/) was searched for the highest sequence 
similarity with the original Vl. Indeed, germ-iines DPK-26 and 
DPK-2.5, the only two members of the Vk6 family, were deter- 
mined to be most similar to the original mouse light chain. Thus, 
library and databank screening yielded the same result. 
. Three clones from the light chain selection demonstrated 
weaker binding to ctvA? than the six clones discassed above, but 
still gave significant binding above background. DNA sequencing 
revealed three unrelated V^ sequences that had no apparent 
similarity to the original mouse V„ sequence. The Va sequences, 
along with the selected V^ sequences (and with the exception of 
the clone containing the PGR crossover), were used as templates 
m the huthanization of the heavy chain of LM609. 

Humaaization of the Heavy Chain of LM609. A library of Fd 
fragments was prepared by stitching human Vh gene libraries 
onto the chimeric Fd fragment described above. Tliese libraries 
were paired with the four selected human light chains and were 
selected by four roimds of paiming against immobilized human 
integrin aviSj. As seen for the human light chain selection, 
analysis of the output phage pool from each round for binding to 
otvjSj by phage EUSA revealed an increasing signal. After the 
fourth round. Fab was produced from single clones and tested for 
bmding to av^3 by ELISA. Light chain- and Fd fragment-coding 
sequences from 14 binding clones were determined bj' DNA 
sequencing and revealed five different sequences (Fig. 2). The 
two human k light chains with the highest sequence homology to 
the LM6fl9 light chain were reselccted. One of them was found 
to pair with four different Fd fragments that were closely related 
to each other (85-96% sequence identity) and derived from 
germ-line DP-65 or DP-78 of the Vh4 family. The other human 
K light chain was found to pair with a Fd fragment that was 
derived from germ-line DP-10 of the VhI family. Neither germ- 
lines from the Vh4 nor the VhI family show high sequence 
homology with the V[i of LM609. Indeed, databank screening 
yielded a germ-line from the Vh3 family as the best human match 
for the Vh of LM609. Phylogenetic analysis has shown that VhI, 
Vh3, and Vh4 not only form separate families but belong to 
different dans of the human Vh germ-lines (20). In retrospect, V^ 
selections should have been performed independent of V^ se- 
lections to ensiure the retention of hig^y diverse light chains in the 



humanized antibodies. The V* antibodies may have been lost in 
the selections for reasons other than antibody affinity, such as 
their relative toxicity to E. coli. 

Binding Specificity and Affinity of Humanized LM609. Five 
humanized LM609 versions, represented by clones 11, 7, 4, 24, 
and 2 were produced as soluble Fab by E. coli, purified by 
affinity chromatography, and thek binding specificity and 
affinity was analyzed. Humanized LM609, which had been 
selected by binding to immobilized and thus potentially dena- 
tured human integrin ffvps, was tested for binding to native 
human integrin HvJSj expressed on the cell surface. For this, 
binding of humanized LM609 to untransfected CS-1 hamster 
cells and CS-1 hamster cells transfected with either human ji^ 
or cDNA (7) was analyzed by flow cytometry. By recruiting 
the endogenous hamster polypeptide, the human /Sj and /is 
polypeptides form functional integrins on the cell surface (7). 
Like mouse LM609, and in contrast to unrelated human Fab 
fragments that were used as controls (data not shown), all five 
humanized versions of LM609 revealed specific binding to 
CS-1 hamster cells transfected with human (Fig. 3/4). 
Binding of all five humanized LM609 versions to CS-1 cells 
transfected with human cDNA could be blocked by an 
excess of LM609. As shown m Fig. 3B, a fourfold molar excess 
of mouse LM609 IgG blocked binding of humanized LM609 
almost completely, whereas the same concentration of mouse 

control 11 7 4 24 2 



FtG. 3. Flow cytometry histograms demonstrating that humanized 
LM609 binds specifically to human integrin o:v|3.i and can be blocked 
by mouse LM609. (A) Binding of humanized LM609 Fab to untrans- 
fected CS-1 hamster cells (fine line) and CS-1 hamster cells transfected 
with either human (bold line) or cDNA (dotted line), (fi) Binding 
of humanized LM609 Fab to CS-1 hamster cells transfected with 
human 03 cDNA in the presence of a fourfold molar excess of mouse 
AP3 IgG (fine line) or mouse LM609 IgG (bold line). Clones 11, 7. 4, 
24, and 2 represent the five humanized LM609 versions (cf. Fig. 2). 
Controls in A and B are based on identical experiments using buffer 
instead of humanized LM609 Fab. The y axis gives the nimiber of 
events in linear scale, the axis the fluorescence intensity in logarith- 
mic scale. 
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Table 1. Binding iciEictics of mouse LM609 and humanized 
LM609 Fab 
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Binding kinetics were determined using surface plasmon resonance. 
Human integrin a,^^ was immobilized on the sen.sor chip. The value 
was calculated from AofiAon- Clones 11, 7, 4, 24, and 2 represent the 
five humanized LM609 versions (cf. Fig. 2). Fab was produced by E. 
coli except LM609* which was prepared from IgG by papain digestion. 

AP3 IgG directed to a different epitope on human integrin 
OvjSi had no effect. A 20-fold molar excess of LM609 Fab 
derived from IgG by papain digestion also blocked the bindirsg 
of iiuraanized LMG09 (data not shown). Control experiments 
revealed that both LM609 and AP3 bound to avfo expressed 
on the cell surface. Potential cross-reactivity of humanized 
LM609 with human integrin cenbjSj was analyzed by ELISA. 
Whereas an engineered RGD peptide mimetic antibody Fab-9 
with known cross-reactivity (21) bound to both immobilized 
human integrin ctv^s and aiibjSa, cross-reactivity with «u(,j33 was 
not detected for mouse LM609 nor its five imrnanized versions. 

The kinetic parameters of Fab binding to human integrin a^/S^ 
binding were determined using surface plasmon resonance and 
the affinities were calculated from these kinetic parameters 
(Table 1). Analysis of these binding data revealed that the four 
humanized LiVI609 versions with the high sequence similarity, 
represented by clones 7, 4, 24, and 2, also show similar affinities 
for Ovft. Clones 4, 24, and 2, whicli arc derived from the same 
germ-lines, have almost identical IQ values in the range of 7-9 
nM. Clone 7, which shares the same light chain but contains a Fd 
fragment that is derived from a different, though highly related 
Vh genn-line, has a moderately higher affinitj' with a value of 
3 nM. In contrast, clone 1 1 with the unrelated Fd fragment has 
a much weaker, affinity, which is mainly caused by a lower 
association rate constant (Table 1). LM609 Fab was analyzed for 
comparison. As Table 1 shows. Fab that was generated by papain 
digestion from LM609 IgG revealed an affinity widi a iCj value of 
about 3 nM, whereas the affinity of Fab produced by E. coli was 
weaker by a factor of three. It is likely that this discrepancy is 
partly due to a lower concentration of functional Fab in prepa- 
rations from E. coli. However, the higher dissociation rate con- 
stant of E. co//-derived LM609 Fab, which is independent from 
the concentration, indicates that the quality of the antigen' 
binding site might be affected as well. In any case, the humanized 
LM609 versions were derived from E. coli as well and, thus, 
should be compared with the corresponding LM609 preparation. 
.Such a comparison (Table 1) shows that four of five humanized 
antibodies have an affinity that is as good as or better than the 
original mouse antibody. 

DISCUSSION 

Though rodent mAbs have long been regarded as powerful 
therapeutic agents, a major obstacle for clinical applications has 
been their immunogenicity in humans. Two routes in antibody 
engineering have been t;iken to overcome the immunogenicity of 
mAbs, either the humanization of rodent mAbs or the direct 
generation of human mAbs. The latter route has recently gained 
importance with the development of new methodologies that 
allow the selection of human mAbs from immune, naive, and 
synthetic human antibody libraries displayed on phage (22, 23) as 
well as from transgenic mice (24). More than 20 yr of mAb 
generation by the classical hybridoma technology, however, has 
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yielded a number of promising pharmaceutical candidates and 
their humanization compares well to the de novo generation and 
characterization of human mAb for accessing clinical applications 

in the coming years. 

Currently, CDR grafting is the most frequently used strategy 
for the humanization of rodent mAbs (25). In this approach the 
six CDR loops comprising the antigen-binding site of the rodent 
mAb are grafted into coiresponding human framework regions. 
CDR grafting takes advantage of the conserved structure of the 
variable Ig domains, with the four framework regions serving as 
a scaffold that supports the CDR loops. CDR grafting often yields 
humanized antibodies with much lower affinity because frame- 
work residues are involved in antigen binding, either indirectly, by 
supporting the conformation of the CDR loops, or directly, by 
contacting the antigen (26). Therefore, it is usually necessary to 
replace certain framework residues in addition to CDR grafting. 
The fact that about 30 framework residues potentially contribute 
to antigen binding (26) makes this fine-tuning step very laborious. 
Another humanization strategy is the method of resurfacing (27). 
In this approach only the surface residues of a rodent antibody are 
humanized. 

Though both CDR grafting and resurfacing are based on 
rational design strategies and iterative optimization (i.e., site- 
directed mutagenesis of framework residues aided by com- 
puter modeling), selective approaches (i.e., randomization of 
a small set of framework residues and subsequent selection 
from phage display libraries) have been reported recently in 
humanization strategies (28, 29). 

bi vitro selection and evolution of antibodies derived from 
phage display libraries have become a powerful tool in anti- 
body engineering (for recent reviews cf. refs. 9 and 30). An 
entirely selective humanization strategy based on phage dis- 
play libraries has been reported by Jespers et al. (31). In two 
steps, each polypeptide of the rodent antibody, either light 
chain or heavj' chain, is replaced by a corresponding human 
polypeptide library and the resulting hybrid antibody library is 
selected by panning against the particular antigen. Though this 
strategy may compete with CDR grafting because the arduous 
fine-tuning steps arc unnecessary, the lack of other successful 
applications of this approach — and our failed attempts to 
humanize LM609 by this approach for comparative studies — 
suggest that in contrast to CDR grafting, the general applica- 
bility of this approach for antibody humanization is uncertain. 
Also, since this approach is a sequential chain shuffling 
procedure, it may lead to the production of a humanized 
antibody that recognizes a slightly different epitope (32-34). It 
has been observed that antibodies consisting of the same heavy 
chain paired with light chains that differ in LCDR3 and 
elsewhere in Vl may bind different epitopes on the same 
antigen. It is conceivable that this is an interesting feature in 
particular cases; however, alteration of antigen specificity 
following antibody humanization is not desired in general. 

Based on the.se general considerations, we designed a strategy 
that recognizes the key roles of HCDR3 and LCDR3 in antigen 
recognition and combined this with a selective approach that 
eliminates the arduous fine-tuning steps associated with CDR 
grafting as well as all mouse sequence. This strategy for human- 
izing antibodies is presented in Fig. I. In the first step a human 
light chain library with the grafted original LCDR3 replaces the 
original light chain and a chimeric Fd fragment consisting of the 
original Vh Ig domain fused to a human ChI Ig domain replaces 
the original Fd fragment, FR4 of both chains is directly human- 
ized by simple point mutations prior to the first selective Step. 
Sequence changes required in this region should in general be 
minimal given the substantial homology between mouse and 
human J genes and should have little effect on the affinity. 
Human constant regions are preferred to stabilize the hybrid Fab 
of the first selection step by the interaction of two matching 
human constant domains C, and ChI. In addition. Fab carrying 
human constant reg;ions are often better expressed in K coU (35, 
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36; C.R. and C.F.B. Ill, unpublished observations), a prerequisite 
for phage display. Ie) tiic sfcond step, the selected human light 
chains from the first step are paired with a human Fd fragment 
library containing the original HCDR3. Since the heavy chain 
typically plays the most dominant role in antigen recognition, it 
is conserved in the first selection step. 

By preserving the original LCDR3 and HCDR3 sequences of 
LM609 while subjecting the remaining sequence to selection, our 
human ization strategy was designed to ensure antigen specificity 
and epitope conservation. LCDR3 and HCDR3 contain the 
hypervariable joints of the V/J and V/D/J gene rearrangements 
tliat participate in direct antigen contact in all studied antigen/ 
antibody complexes (37). Unlike the other CDR regions, both 
LCDR3 and HCDR3 interact with all three CDRs of the other 
variable domain (38). Thus, ahhough generalizations might be 
misleading (37), LCDR3 and HCDR3 c;m be considered to make 
the most significant contributions to affinity and specificity. Given 
the tremendous sequence diversity displayed by human antibod- 
ies in these regions and the mechanism of its generation, it is 
difficult, if not impossible in most cases, to classify sequences of 
these regions as either mouse or human. Tlius, from the perspec- 
tive of sequence these antibodies may be considered completely 
human. Human HCDR3s are, however, on average longer than 
mouse HCDR3s and encompass the fiill range of lengths utQized 
by mice (39). Hie HCDR3 length of eight amino acids found in 
LM609 is well represented in both mouse and human antibodies 
(39). HCDR3 length will not likely be a significant issue in mouse 
to human conversions. 

Antigen specificity and epitope conservation are critical de- 
mands in the humanization of LM609. LM609 binds to a con- 
formational epitope on human integrin a^/Sj, Importantly, by 
bmding to this epitope LM609 induces apoptosLs in vascular cells 
expressing avjSj (3). In contrast to antibodies that are engineered 
RGD peptide mimics (21), LM609 does not recognize tlie related 
human integrin anhjSs. A cross-reactivity with human integrin 
«ift>ftj which is expressed on platelets, would preclude the use of 
LM609 as a tool in cancer therapy. The five humanized LM609 
versions were analyzed for antigen specificity in terms of cross- 
reacti\'ity with the human integrins anhfe and ofvjSs, which are 
closely related to avfc in sequence and function (40). Neither 
anblSs nor avft was recognized by the five humanized versions of 
IJvl609. In addition, all appeared to bind to the same epitope on 
QivjS.i as LM609, as their binding was specifically blocked in the 
presence of a rnoiar excess of LM609 but not of AP3, a mAb that 
binds a different epitope on human integrin OvjS.i. In addition to 
the binding specificity, the binding affinity provides evidence that 
epitope conservation was obtained; three of five humanized 
LM609 versions bound ctyfe with an affinity very similar to that 
of LM609. Yet, the contribution of the selected CDRs to the 
antigen-binding site is obvious from the fact that one humanized 
LM609 version binds qv^3 with higher, and another with slightly 
lower, affinity. 

The generation of different humanized versions of the parental 
antibody is an attractive result of this methodology. CDR graft- 
ing, in contrast, generates a single humanized version. It is 
anticipated that an antiangiogenic strategy for cancer therapy 
would require long-term administration of antibody. It is con- 
ceivable that repeated therapeutic application may produce an 
antiidiotypic response that ablates the efficacy of the antibody. 
Administration of an equally potent antibody that is unreactive to 
the .mtiidiotypic response generated by the first would allow 
therapy to continue. Indeed, introduction of modest changes 
within the variable domain of an antibody can dramatically alter 
its reacaivity to an antiidiotypic response (41), Finally, a practical 
advantage of producing multiple humanized antibodies is that the 
expression level of antibodies is antibody dependent. Tlius, one or 
more of the humanized antibodies may be more suitable for 
lai^e-scale production. 
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Summary In various clinfcal studies, Hodgkin's patients have been treated with anti-CD30 immunotinerapeutlc agents and have shown 
promising responses. One of ttie problems that appeared fi'om these studies is the development of an immune response against the non- 
human therapeutics, which limits repeated administration and reduces efficacy. We have set out to make a recombinant, human antj-CD30 
single-chain variable fragment (scFv) antibody, which may serve as a targeting moiety with reduced immunogenicity and more rapid tumour 
penetration in similar clinical applications. Rather than selecting a naive phage antibody library on recomtjinanl CD30 antigen, we used 
guided selection of a murine antibody in combination with panning on the CD30-positive cell line L540. The murine monoclonal antibody Ki-4 
was chosen as starting antibody, because l( inhibits the shedding of the extracellular part of the CD30 antigen. This ma!<es the antibody better 
suited for CD30-fargeting than most other anti-CDSO antibodies. We have previously isolated the murine Ki-4 scFv by selecting a mini-library 
of hybridoma-derived phage scFv-antibodies via panning on L540 cells. Here, we report that phage display technology was successfully used 
to obtain a human Kr-4 scFv version by guided selection. The murine variable heavy (VH) and light (VL) chain genes of the Ki-4 scFv were 
sequentially replaced by human V gene repertoires, while retaining only the major determinant for epitope-specifidty: the heavy-chain 
complementarity determining region 3 {CDR3) of murine Ki-4. After two rounds of chain shuffling and selection by panning on L540 cells, a 
fully human anti-CDSO scFv was selected. It competes with the parental monocfonal antibody Kl-4 for binding to CD30, Inhibits the shedding 
of the extracellular part of the CD30 receptor from L540 cells and is thus a promising candidate for the generation of anIKlDSO 
immunotherapeuBcs. © 2000 Cancer Research Campaign 

Keywords: CD30; phage display; chain shufling; human antibody; guided selection 



Although monoclonal antibodies (moab) raised by hybridoma 
technology (Kohler and Milstein, 1975) have been demonstrated 
to be veiy useful iu research and diagnosis, they are somewhat 
problematic as binding moieties in iramunotherapeutic agents for 
the treatment of tumours. Apart &ora their relatively large size 
(150 kDa), which makes it difficult to penetrate into solid tumours, 
these non-human antibodies generate an immune response 
resulting in serious side-effects such as serum sickness or anaphy- 
lactic shock, which prevent long-term treatment of cancer patients 
(Shav/ler et al, 1985). It is also documented that this human anti- 
mouse antibody (HAMA) response causes a rapid blood clearance 
of these reagents, which diminishes their efficacy (Khazaeli et al, 
1994). 

To circumvent these problems, two strategies have been 
followed. First, a reduction of the molecular size of the binding 
moiety using Fab fragments or even just the variable fragments of 
an antibody as a single-chain variable fragment (scFv) has signifi- 
cantly reduced the target surface for an immune response and thus 
the immunogenicity. Secondly, the use of humanized proteins like 
chimaeric or CDR-grafted, or even fully human antibodies or anti- 
body Cragraents, has been demonstrated to reduce their immuno- 
genicify (Meredith etal, 1993). 
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Because of technical problems and difficulties in retrieving suit- 
able human donors, it is complicated to raise human hybridomas 
by conventional techniques. However, the progress in molecular 
biology has offered different ways to evade this restriction. One 
possibility is the use of transgenic mice cariying human 
immunoglobulin genes. These mice can be used to generate 
hybridomas secreting human antibodies {Brtiggemann and 
Neuberger, 1996). Another way is the use of human V-gene 
libraries expressed and displayed on phage and selection of 
antigen-specific antibodies therefrom (Hoogenboom, 1997; 
Winter et al, 1994). These libraries can be derived from immu- 
nized or non-ininiuiiized donors or even generated syndieticaily 
(Hoogenboom et al, 1998). hideed, from very large phage 
libraries, high-affinity antibodies to many different target antigens 
can be selected (Hoogenboom, 1997), This in vitro selection 
procedure is subjected to a series of biases introduced by libiaiy 
preparation, selection conditions and the screening protocol. 
Strong biases in selected populations can arise, in particular when 
selecting on complex antigenic targets (Hoogenboom et al, 1999; 
Persic etal, 1999). 

Therefore, it sometimes remains difficult to retrieve antibodies 
with desired properties like recognition of a unique epitope, induc- 
tion of a post-binding signal transduction or intemahzation upon 
binding to a cell-surface receptor on the target cell (VfcCall et al, 
1998). Hybridoma-derived antibodies with such characteristics are 
sometimes available, and may be converted to human versions 
using a method termed 'guided selection' {Jespers et al, 1994); by 
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two consecutive chain-shyffling procedures, the rodent antibody 
domains are swapped for human domains, using phage display 
technology (library constructioo and selection on antigen) to 
retrieve the best-matching partner. Our goal was to obtain a fully 
human antibody from the well-characterized murine moab Ki-4, 
which recognizes the CD30 receptor. 

CD30 was originally identified by Schwab et al (1982) as the 
antigen abundantly expressed on Hodgkin-Reed Sternberg cells 
(H-RS) in primary Hodgkin's lymphoma and recognized by the 
first anti-CD30 moab Ki-1. Expression of CD30 in high copy 
numbers on the cell surface has also been reported for a subset of 
non-Hodgkin lymphomas (NHL), wally h-ansfontied B- and 
T-oell lines, a subform of large-cell anaplastic lyirphoma (CD30-- 
LCAL), embryonal carcinomas, malignant melanomas and 
mesenchymal tumours (Gruss and Dower, 1995). The CD30 
receptor is therefore a useful clinical and pathological tumour 
marker for these diseases and a good target for immunotherapy. 

Here we report the synthesis of a human anti-CD30 scFv 
(hAK30) on the basis of the murine anti-CD30 moab Ki-4. Murine 
moab Ki-4, which shows no detectable cross-reactivity with vital 
human organs, has successfully been used as part of a chemically 
linked ricin A imraunotoxin in vivo (Schnell et al, 1995) and also 
as a scFv in a Pseiidomonas exotoxin A-based recombinant 
iniraunotoxin in vitro (Klimka et al, 1999). Therefore, we 
exchanged the murine variable heavy (VH) and light (VL) chain 
genes with huiriari counterparts with respective selections on the 
CD30-positive Ilodgkm cell line L540, This strategy allowed the 
constrtiction of a fiilly human anti-CD30 scFv (hAK30) with the 
same binding specificity as moab Ki-4, and in which only the 
VH(CDR3) and framework 4 sequences are derived from the 
parental antibody. This scFv may serve as a useful building block 
for the synthesis and engineering of different fusion proteins, such 
as scFv coupled to toxins, enzymes, or, in connection with other 
targeting molecules, as bispecific agents (Huston et al, 1993), It is 
a promising candidate to use as immunotherapeutic agent for the 
treatment of CD30-positive malignancies. 



MATERIAL AND METHODS 

Cell lines 

The Hodgkin-derived cell line L540 (Diehl et al, 1981) and the 
hybridoma cell lines BW702 (Bosslet et al, 1989), Ki-3, K.i-4, Ki- 
6, Ki-7 (Hom-Lohrens et al, 1995) and BerH2 (Schwaiting et al, 
1989) were maintained in RPMI 1640 medium (GTBCO-BRL, 
Rockville, MD, USA) supplemented with 10% (v/v) PCS, 100 |Lig 
ml ' streptomycin, 200 units ml ' penicillin and 2 mM L-gluta- 
raine (10% FCS-medium). All cells were cultured at ITC in a 5% 
CO, humidified atmosphere. 

Bacterial strains and plasmids 

E.COU XL 1 -Blue (supE44, hsdR17, iwAl, endAl, g>T, A46, thi, 
relAl, lacF'. proA' B ' lacP, lacZ_\f 15. TnlO(tet')l were obtained 
from Stratagene (La Jolla, CA, USA). E.coHTGl {K12_.(lac-pro), 
supE, tlii, hsdD5/F'traD36, pro A* B* , lacfi, lacZ_M15) and E.coli 
HB2151 (Ki2_(lac-pro), ara. nal^ thi'F', proA' B+, lacP, 
lacZ MlS) were purchased firom Pharmacia (Uppsala, Sweden). 
The phagemid vector pCANTAB6 (McCafferty et al, 1994) is used 
for N-t«rminal fiision of scFv fragments to the minor coat protein 
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p3 of filamentous phage M13 using Sfi I (Nco l)/Not i restriction 
shes. An amber-stop codon between the scFv-genc and the bacte- 
riophage gene 3 allows the expression of soluble fragment or 
phage-displayed scFv, in an E.coli non-suppressor or suppressor 
strain, respectively. 

Chain shuffling of murine Ki-4 V-genes 

The murine Ki-4 scFv was synthesized as described (Klimka et al, 
1999). From this scFv, the CDR3-linker-VL-gene fragment was 
amplified by polymerase chain reaction (PGR) using 30 cycles of 
94°C for 1 min, 55°C for 1 niin and 72''C for 2 min, with the 
primers VH-FR3-BACK (5'-GAC ACG GCY GTR TAT TAG 
TGT-3') and FD-TET-SEQ (5'-TTT GTC GTC TTT CCA GAC 
GTT AGT-S*) and the proof-reading P/ij-polyiiierase (Stratagene, 
La Jolla, CA, USA) according to the manufacmrer's instructions. 
Simultaneously, human VH genes lacking the CDR3-FR4 
sequence were amplified from the pHENl -human scFv repertoire 
made by Marks et al (1991), using the primers pUC-REV (5'-CAG 
GAA ACA GOT ATG AC-3') and VH-FR3-F0R (5'-ACA GTA 
ATA YAC RGC CGT GTC-3'). For PGR assembly of the ampli- 
fied firagments, 250 ng of each were combined in a 50 fll mixture 
and cycled seven times (94"'C for 1 .5 min, 65°C for 1 min and 
72°C for 2 min) to join the fragments. The reaction raLxture was 
then amplified for 30 cycles (94°C for 1 rain, 55°C for 2 min and 
72°C for 2 min) after the addition of the outer PGR primers pUC- 
REV/FD-TET-SEQ. Assembly products were digested with Sfi 
I/Not I and ligated into the phagemid vector pCANTAB6. The 
ligation mix was purified by phenol extraction and ethanol precip- 
itation and dissolved in 20 |.tl H,0. The DNA solution was trans- 
fected into lOOjll E.coli TGI by electroporation as described 
elsewhere (Dower et al, 1988). The cells were grown for 1 h in 
2xTY medium at 37°C before plating on 2xTY agar medium 
containing 1 00 jig ampicillin m!"' and 2% (w/v) glucose 
(2xTY-Amp-Glu). 

Five different selected human VI 1 gene.s, delennined by DNA- 
fiugerprint analysis as described elsewhere (Marks et al, 1991) 
from 20 CD30-reactivc half-human scFvs, were amplified with 
primers pUC-REV/VHl-FOR-Xho (5'-CCG CGT CCA CCA 
CTC GAG ACG GTG ACC GIG GTC CC-3') using Pfu-poly- 
merase, ligated into pCANTAB6 using restriction enzymes Sfi 
I/Xho I and electroporated into E.coli XL 1 -Blue. After sequencing 
of the human VH genes, they were cloned into the pHENl-VL 
repertoire (Marks et al, 1991) using the restriction sites Sfi I/Xho 1 
and transfected into E.coli TGI by electroporation as described 
above. After selection, the human anti-CD30 scFv (hAK30) was 
finally cloned into pCANTAB6 using the restriction enzymes 
Sfil/NotI for expression as His-tagged protein. 

SelGction of phage on the Hodgkin-derived ceil line 
L540 

The resulting repertoiies of transfonned bacteria containing the 
murine Ki-4 VL linked to humati VH repertoire in phagemid 
vector pCANTAB6 or selected human VH-genes linked to the 
human VL repertoire in pHEN 1 , were rescued with helper phage 
M13K07 as described (Marks etal, 1991). The selection procedure 
is described elsewhere (Klimka et al, 1999). Briefly, 5 x Iff' L540 
cells were incubated with 1 ml of i x 10'^ cfii ml"' phage in 2% 
(w/v) MPBS (2% Marvel skimmed milk powder in PBS) for 1 h at 
room temperature (RT). After wasliing the cells ten times with 
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5 ml 2% MPBS and two times with 5 ml PBS by spinning (300 g, 
3 min, RT) and resuspending respectively, binding phage were 
efuted with 50 mM HCl and remaining cell debris was spun down 
(300 if, 5 min, RT) after neutralization with 1 M Tris-C!, pH 7.4. 
Phage-containing supernatant (SN) was mixed with 3 ml 
2xTY-{jllu medium and used to transfect logarithmically grow- 
ing E.coli TGI cells for 30 rain at 37°C before plating on 
2xTY-Amp-Glu agar medium. 

FACS analysis 

Cell binding of phage-displayed scFvs was denionstraled by FACS 
analysis. 5x10^ LS40 target cells were washed in PBS containing 
2% (w/v) skimmed milk powder and 0,05% (w/v) sodium azide 
(2% MPBS/N3-) and then incubated for 1 h at 4='C with the respec- 
tive phage or moabs Ki-3 or Ki-4 in 2% MPBS/N,- respectively. 
Bound phage were detected with a sheep anti-fd sermn 
(Phannacia, Uppsala, Sweden; 0.02% (v/v) in 2% MPBS/N,-) and 
FITC-labelled rabbit-anti-sheep IgG (Dianova, Hamburg, 
Germany; 2% (v/v) in MPBS/N3-). Bound monoclonal antibodies 
were detected with FITC-conjugated goat-anti-mouse IgG (Becton 

6 Dickinson, Heidelberg, Germany); cetls were analysed 011 a 
FACScan (Becton & Dickinson). For competition FACS analysis, 
approximately 10" cfu of phage displaying scFv were mixed with 
50 nl of unpurified supernatant from liybridomas secreting moab 
K.i~3 or moab Ki-4, respectively, resulting in a phage vs moab ratio 
of approximately I/l . The mixtares were incubated with the target 
cells and bound phage were subsequently detected as described. 

Sequencing 

Tlie scFv-gcnes were sequenced by the didcoxy chain termination 
method (Sanger et al, 1977) using Dye-Terminator mix (Perkin 
Elmer, Norwalk, CO, USA) and the oligonucleotides FD-TET- 
SEQ and pUC-REV. Producte of the sequencing reaction were 
analysed on a semi-automated ABI Prism sequencer (Perkin 
Elmer). The nucleic acid sequences of the V regions were 
compared to the Kabat database of V genes (Kabat and Wu, 1991) 
and Sanger Centre database (http://www.sangei-.ac.uk) to detei- 
mine the V-gene family and gerraline V-gene segments. 

Purification of recombinant, liuman, soluble CD30-His 

Cloning of the extracellular part of human CD30 receptor fused to 
a HiSg-tag into the eukaryotic expression vector pcDNA3 
(Invitrogen, Groningen, The Netherlands) is described elsewhere 
(Barth et al, 2000). 250 ml supematant of COS- 1 ceils transfected 
with sCD30-His-pcDNA3 plasraid was collected, filtered and 
incubated with 2 ml Talon™ resin (Clontech, Heidelberg, 
Germany) for 2 h at 4°C for IMAC purification. The resm was 
subsequently washed whh Tris-buffer (20 mM Trisbase, 100 mM 
NaCl, pH 8.0) and Tris-buffer, 5 mM Imidazol until the OD^^ ^ 
dropped to 0.001. The sCD30-His protein was then cluted with 
250 niM Imidazol in Tris-bufifer and dialysed against PBS ovn 
at4°C. 

Purification of scFv 

E.coli HB2151, harbouring the respective scFv genes in 
pCANTAB6 were used to inoculate 750 ml of 2xTY medium 
containing lOO^g ml"' ampiciltin and 0.1% (w/v) glucose. The 
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culture was grown at 37°C to an 01)^^ ^ of 0.9 and then supple- 
mented with 1 mM isopropylthio-p-D-galactoside (IPTG) for 
induction of soluble scFv expression. After 4 h of induction at 
30°C, the cetls were pelleted and resuspended in 8 ml ice-cold 
TES (200 mMTris-HCI; 0.5 mM EDTA; 500 mM sucrose). Afler 
incubation for 5 min on ice, 8.8 ml of TES/H,0 (1:3) were added 
and the bacteria! suspension was incubated on ice for an additional 
20 min. Bacteria were pelleted, SN was collected and the pellet 
was resuspended in 10 ml TES/15 mM MgSO^ and incubated on 
ice for 15 min. After comnfugalion for 5 min at 300^ the super- 
natMits were mixed and centrifliged at 13 000^ for 10 min to 
remove cell debris. The resulting peripiasmic fraction was dial- 
ysed against Tris-buffer (20 mM Trisbase, 100 mM NaCl, pH 8.0) 
ovn at A'C and the scFvs were purified by IMAC using Talon''" 
resin (Clontech, Palo Alto, USA) as described for the sCD30-His 
protein. 

The human scFv hAK30 was additionally expressed under high- 
salt stress induction as described elsewhere (Barth et al, 2000). in 
brief, 2 L bacterial culture were grown at 28°C in TB-medium 
containing 0.5 mM ZnClj and 0.1 M potassium phosphate buffer, 
pH 7.5 till OD^^^ of 1.6. The culture was supplemented with 
0.5 M sorbitol, 0.7 M NaCl, lOmM betain and after 15 min 
expression was induced by addition of 1 mM IPTG. After 
overnight growth, bacteria were centrifoged and the pellet was 
snap-frozen in liquid nitrogen and resuspended in 75 mM Tris- 
buffer, pH 8.0 containing 10% glycerol, 300 mM NaCl, 2mM 
EDTA. 5 mM DTT and Complete™ protease inhibitor 
(Boehringer Mannheim, Mannheim, Germany). Proteins were 
extracted by sonification and centrifiigation, desalted by gelchro- 
matography using a desalting column (Phannacia, Uppsala, 
Sweden) and scFv was isolated by IMAC using Ni-NTA resin 
(Qiagen, Hilden, Germany). 

Eluted protein was thoroughly dialysed against PBS and visual- 
ized by gelfiltration, SDS-PAGE and immunoblotttng. The final 
concentration was determined from a scanned Coomassie-stained 
SDS-PAGE with BSA-dilutions as standards and performing 
densitometricai analysis with Multi-Analyst software (Bio-Rad, 
Munich, Germany). 

Determination of relative binding affinities of anti-CD30 
antibodies 

To determine the relative binding affinities of the anti-CD30 anti- 
bodies, purified recombinant sCD30-His (70 nM) was incubated 
for 1 h at RT in duplicates, with dilution series of the respective 
purified scFvs, the Ki-4 Fab fragment prepared as described else- 
where (Smith, 1993), or the moab K.i-4, respectively. Unbound 
sCD30-His antigen was detected in a CD30 (Ki-1 antigcii)-ELtSA 
kit (DAKO, Glostmp, Detunark) where the coated anti-CD30 anti- 
body BcrH2 binds to the same CD30-cpitopc as the investigated 
antibodies. sCD30-His captured by BerH2 was detected by perox- 
idase-conjugated anti-CD30 antibody Ki-1, which binds to a 
different epitope. The ELISA was perfonned according to the 
manufacturer's instructions and extinction at 450 nm was 
measured. The antibody concentration at which die OD^j„ dropped 
to 50% of maximum extinction was taken as the apparent K^. 

Measurement of shed sCD30 receptor 

2 X lO' L540 cells were washed three times with 10 ml fresh 10% 
FCS medium and incubated with I/IO diluted supematants of 
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Table 1 Selection of half-fwman {A) and human (B) anti-CO30 phage antibodies on Hodgl<in cell lir 



Frequency of 
positive clones in 
whole-ceil ELISA" 



Before selecGon 
1st round of selection 
2nd round of selection 



0 0*94(0%) 
47 0(94 (50%) 
75 of 94 (60%) 



1st round of selection 
2nd round of seiection 
3t(S round of seiection 



1x10-' 
2.5x10-' 
8.3x10-= 



■Clonea have been staled as positive If 00^^ ^ was three times higher tt 



n background: cfu. colony forming unit; n.d., not determined. 



mVH mVL gene 3 




Rescue of phage and selectton fcr binders 
• ■■ — ^0 expressing cell line L540 

mVL genes 



anti-CD30 scFv hAK30. The gene 3 encodes the 



different anti-CD30 hybridomas or approx. 0.5 (ig ml"' purified 
Ki-4 Fab-fragment, inK.i-4 scFv, A 12 scFv or hAK30 scFv in 1 ml 
10% FCS medium, respectively, to ensure art excess of antibody 
against the CD30 receptor on tlie cell surfaces. After 2 h, the celis 
were washed three times in 10 ml 10% FCS medium by centrifu- 
gation (300 and resuspension to remove unbound antibodies, 
before the cells were incubated for fiirther 24 h. 100 Jil of cell-free 
superaatants were checked for the level of shed extracellular 
CD30 receptor using the CD30 (Ki-1 antigen)-ELISA kit (DAKO, 
Glostrup, Denmark). Relative 00^^^ extinction was determined 
and compared to the sCD30-level of cells incubated with 
hybridoma supernatant of an anti-G.D2 antibody (BW702) as 
control 



Cloning of V genes and selection of the half-human and 
human anti-CD30 scFv 

To retrieve a fully human anti-CD30 scFv, the strategy of 'guided 
selection' {Figure I) was followed using a recently-cloned murine 
anti-CD30 scFv {mKi-4 scFv) as guiding molecule. First, the 
CDR3-linker-VL gene fragment of the murine anti-CD30 Ki-4 
scFv was combined with a repertoire of CDR3 -truncated human 



VH genes taken front a repertoire of 1 .8 x 10* human scFv clones 
{Maries et al, 1991). Phage displaying these combinatorial scFvs 
were selected for binding to the CD30-positive cell line L540. As 
documented in Table lA, two rounds of selection and amplifica- 
tion were sufficient to enrich for CD30-binding, half-human scFv 
bearing phage (human "VH-murine VL) up to 80%, as determined 
in a whole-cell ELISA using L540 cells. DM A-fingerprint analysis 
of 12 individual clones with the restriction enzyme BstN I 
revealed five different patterns in DNA-gel electrophoresis 
(Figure 2A). The scFv-genes of five representative clones were 
sequenced and the deduced amino-acid sequences were compared 
with the Kabat database and the Sanger Centre database of human 
VH-genes to determine their V-gene family and their closest 
geimfine match. 

As depicted in Table 2, all five V-genes belong to the VH-I 
family, with two VH-genes showing the highest homology to the 
VH DP-75 segment. This segmait is also the gene with the highest 
homology towards the murine VH sequence. The deduced amino* 
acid sequences of the human and murine Ki-4 heavy-chain CDRl 
and CDR2 show a homology of 23-50% (Table 3). However, 
structural analyses, as tar as they can be predicted from the amino- 
acid sequence (Chothia et al, 1989; 1992), revealed that similar 
classes of canonical structures for the human and the miuine 
\'H-genes occurred. 
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Table 3 V-gene classifications, structural predictions of the CDR-loops and tiomologies of V-genes involved in the ctiain-shuflling procedure 



Predicted canonical structure of 
CDR loops" 
H/L1 H/U2 H/L3 



Amino-acid sequertce 
homology (%) of CDRs 
towards murine Ki^ 



mVH-KM 

hVHA9 

f>VHA3 

hVHA4 

hVHE2 

hVHA12 

(hAKM) 

mVL-Ki-4 

hVL-4(hAK30) 



Mo-VH Vil 
HU-VH1 
HU-VH1 
HU-VH1 
HU-VH1 
Hu-VHI 



VH DP-75 
VH Iiv1f10t 
VHVHGL-1,8 
VH DP-10 
VH DP-75 
VH DP-75 



I); "Canonical ^ructuras were determined according to Chotfiia e4 a! 





Hgure 2 est Nl fingerprint-analysis of positive scFv clones determined by wticle-cell ELISA using cell line L540. The scFv inserts were F>CR-amplified from 
individual colonies using vector-based primers according to Marks et a! ( 1 991 ). The products were digested witii Bst Nl and analysed on agarose gels. 
M, 100 bp molecular welgtit marker. (A) Digests from colonies with half-human scFvs after 1 round of selection (lanes 1 to 10) and 2 rounds of selection 
(lanes 11 to 22). (B) Lanes 1 to 7 are digest, from colonies with humar? scFvs after 3 rounds of selection. 



The five selected hutnati Vil-genes were PCR-amplified and 
cloned into the phagemid vector pCANTAB6. After sequencing 
the VH-gencs once more, they were pooled and cloned into a 4,5 x 
10* member human {h)VL phage antibody library in pHEN-1 
(Marks et al, 1991) resulting in a combinatorial library of 8 x 10" 
individual clones. Three rounds of phage selection and amplifica- 
tion were perfonned using the Hodgkin-derived cell line L540, 
which resulted in 8% binders in a whole-cell ELISA (Table IB). 
DNA-fingerprint analysis showed that all positive clones contain 
the same human VH- (from half-human clone A12) and human 
VL- gene (Figure 2B), which was subsequently confirmed by 
sequencing two of these clones. The deduced amino-acid sequence 
of the selected human VL-gene {Table 2) shows that it possesses a 
41%-homology to the parental murine VL-gene in the CDR 
regions and retains similar structural elements (Table 3). The 



DNA-sequence of the final human anti-CD30 scFv !iAK30 was 
submitted to GenBank (accession number AFI 17956). 

Binding properties of the half-human and human anti- 
CD30 scFvs 

To verify binding specificity of the scFvs against the CD30- 
epitope recognized by the monoclonal Ki-4 antibody, competition 
experiments were performed and evaluated by FACS analysis. As 
shown in Figure 3, binding of the selected scFvs displayed on 
phage was partially but specifically blocked by the parental Ki-4 
nioab, but not by the monoclonal Ki-3 antibody, which recognizes 
a different epitope on the CD30 antigen (shown for mKi-4 scFv, 
li/mA12 scFv, and hiunan hAK30 scFv). The scF-v-genes were 
subsequeotiy expressed in E. coU non-suppressor strain HB2151 
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Fluorescence inter 



Figure 3 Histograrms of FACS-analysis for determination of the CD30- 
epitope specificity of the seiected anti-CD30 scFvs. (A) L540-ceIlE were 
incubated witii anti-CD30 Ki-3- (filled area), Ki-4 (unfilled area) hybridoma- 
aipematant or PBS (dotted line) and binding was detected by FITC- 
cOTijugated goaf-anti-mouse IgG antibody. (B) L540 cells were incubated with 
phage dispiaying no scFv (dotted line) or phage displaying half-humam scFv 
A1 2 {black line). L540 cells were incubated with phage-anSbodies mKi-4 (C), 
h/mAI 2 (D) or hAK30 (E) and additionally with an(i-CD30 moab Ki-3- (black 
line) or Ki-4- (dotted line) hybridoma-supernatant. respectively. Binding of 
phage-antibodies was subsequently detected using sheep-anti-M13-serum 
and FITC-conjugated rabbit-anti-sheep-IgG antibody. 



and purified by IMAC. The typical yield of purified scFv was 
approximately 150|Lig 1" ' bacterial culture performing a standard 
periplasmic extraction, or twice as much using a modi^ed protocol 
(see Material and methods). 

The relative binding affinities were determined by ELISA using 
a defined concentration of purified sCD30-His protein as antigen 
and dilution series of the indicated anti-CD30 antibodies (Figure 
4). Purified scFv antibodies consisted of at least 95% monomeric 
molecules demonstrated by gelfiltration (data not shown). Antigen 
and antibodies were incubated in solution and unbound antigen 
was subsequently quantified with a coated anti-CD30 antibody, 
lecognizing thei same epitope as the investigated antibodies. The 
antibody concentration at which 50% of the antigen was bound at 
equilibrium was taken as the apparent K^. The relative afHnities of 
the moab Ki-4 Fab-fiagment, tlie murine Ki-4 scFv and the lialf- 
human anti-CD30 scFv A12 are approximately 10-fold higher than 
the affmity of the human scFv hAK30 (Table 4), but 10-fold lower 
than the whole, bivalent monoclonal antibody Ki-4. 

Shedding-inhibition of the extracellular part of the 
CD30 receptor 

To invesrigate the influence of our recombinant anti-CD30 anti- 
bodies on the shedding of the extracellular part of the CD30 



Table 4 Apparent affinities of anti-CD30 ar 

Antl-CD30 antibocty 

moab Ki-4 
Ki-4 Fab-fragment 
mKi-4 acFv 
h/mA12 scFv 
hAK30 scFv 




Figure 4 Apparent binding affinities of anti-CD3Q ar 
recombinant sCO30-His antigen. Dilution series of anti-CD30 antibodies 
moab KI-4 -A-, Ki^ Fab-fragment , mKi^ scFv -t^5^, 
h/mAl2 scFv-O- and hAK30 scFv-D— were incubated with recomblna 
sCD30-His protein and unt>ound antigen was detected by CD30-ELISA 
(DAKO). 



w 



Figure 5 InDuence of antl-COSO antibodies towards naturally oocuring 
CD30 receptor cleavage from Hodgkln-derived L540 ce(i line. Cells were 
incubated for 2 h with indicated antibodies and shed CD30 receptor was 
detected by CD3(VEL!SA (DAKO). Va\ue of relative OD,,, of the COTitrol. 
using an in-elevant anti-GD2 antibody (BW702), was set as zero baseline. 



receptor, L540 cells were incubated with supematauts of diffecent 
anti-CD30 hybridomas or purified recombinant anti-CD30 scFvs, 
respectively. After 2 h, the cells were thoroughly washed with 
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medium to deplete unbound antibodies. After another 24 h of incu- 
bation, supematants were checked forsCD30-!evel in a CD30 (Ki- 
1 Antigen) ELISA kit (DAKO) in duplicates. Figure 5 shows that, 
as was described by Hom-Lohrens et al (1995), Ki-4 and BerH2 
strongly inhibit the shedding of the extracellular part ol" CD30 
receptor (sCD30), wliereas Ki-3, Ki-6 and Ki-7 increased the 
sCD30 level to different extents. The recombinant Ki-4-derived 
anti-CD30 antibodies and the monovalent moab Ki-4 Fab frag- 
ment exhibit a comparable inhibition of the cleavage of CD30 
receptor from L540 cells, although they are not as potent as the 
bivalent moabs Ki-4 and BerH2. 

DISCUSSION 

In this paper, we report the cloning of a human anti-CD30 scFv by 
guided selection from the murine anti-CD30 scFv Ki-4 using tlie 
phage display technology. Li contrast to other described 
procedures (Jespers et al, 1994; Figini et al, 1994), we retained the 
VH-CDR3 region of the parental murine scFv in this guided selec- 
tion. This particular region is not only known for its significant 
importance in determining the binding specificitj' of an antibody, it 
is also a highly variable region in every antibody, which makes it 
less likely to be a major immunogenic part of die molecule. We 
believe that this region was important in retaining the CD30- 
epitopc specificity of the parental antibody in the human scFv. 
Watzka et al (1998) describe the humani/ation through chain-shuf- 
fling of an anti-human interferon y receptor 1 antibody without 
retaining the VH-CDR3 region of the murine antibody. The 
resulting fully-human Fab-antibody was antigen specific, but 
differed in epitope specificity from the parental hybridoma, 
thereby underlin ing the importance of the VH-CDR3. This impor- 
tance of the VH-CDR3 for epitope specificity has also recently 
been reported by Beiboer et al (2000), thereby confirming our 
findings. 

Selection of phage libraries in this study was performed on a 
Hodgkin-derived cell line which is known for its high surface 
expression of CD30 receptor (10* receptor molecules per cell), 
rather than by panning on recombinant CD30 antigen, CD30 is 
part of the TNF receptor family and many ligands and receptors 
are known to trimerize. It may therefore not be straightforward to 
retain natural epitopes on recombinant versions of such cell- 
surface molecules. Therefore, cell panning on CD30-positive cells 
is a good and valid alternative. Indeed, using recombinant CD30 
protein for panning of several human scFv phage repertoires, to 
date other groups were unsuccessful in retrieving functional 
anti-CD30 antibodies. 

The selection on cells and therefore native CD30 receptor 
resulted in five different hutnan VH genes with homology in the 
CDRI and CDR2 regions between 23-50%, compared with the 
parental murine Ki-4 heavy chain. This is similar to what was 
found in the group of Watzka et al (1998) for their selected anti- 
human interferon y receptor antibody (45%), and higher than 
described in the study of Figini et al (1998), in which an anti- 
ovarian carcinoma Fab fragment was humanized by guided selec- 
tion. However, more important than sequence homology might be 
tlie length of the CDR regions and the canonical structure of the 
CDR-loops defined by Chothia et al (1989; 1992). This was 
striking in the case described by Figini et al (1994) retrieving a 
human anti-phOx Fab fi-agment by guided selection which shared 
these structural elements with the parental mouse antibody. In our 
study, the selected human VH gene with the highest sequence 



homology towards mKi-4 VH, but probably slightly different 
canonical folds, is the one of the half-hunaan anti-CD30 scFv A 12. 
This clone was also predominant after the selection (Figure 2A). 
Additionally, this human VH gene was selected out of five others 
after shuffling with the human VL-repertoire. The human VL gene 
of the finally selected human anti-CD30 scFv has the same length 
and predicted canonical structure of the CDR-regions as the mKi- 
4 VL gene, and a 41% homology of the deduced amino-acid 
sequences concerning these regions. This follows the prediction 
made by Jespers et al { 1 994) that there may be a strong preference 
for retaining V-gene segments with identical canonical folds in 
guided selection procedures. 

Expression of the human anti-CD30 scFv hAK30 as soluble 
fragment revealed a 10-fold lower apparent K^ for the liAK30 scFv 
compared with the mKi-4 scFv (Table 4). A Loss in affinity after a 
guided selection procedure has also been reported by other groups 
(Figini et al, 1998). However, the hAK30 scFv reveals an affmily 
in the nanomolar range and is therefore expected to be adequate 
for use as targeting moiety in recombinant immunotherapeutics, in 
particular when re-formatted as bivalent molecule (Tai et al, 
1995). The relative affinity of the monovalent Ki-4 Fab-fragment 
(5 X 10 ' M) is comparable to the value measured for the mKi-4 
scFv and imderiines the successful cloning of the functional 
V-genes from the hybridoma Ki-4. The higher affinity of the biva- 
lent iiioab Ki-4 (3.7 x 10-"'M) most probably is caused by an 
avidit)' effect ill tlie assay. 

The monoclonal antibody Ki-4, as well as the moab BerH2, 
signifscantly inhibit the naturally occurring shedding of the extra- 
cellular part of the CD30 receptor, as demonstrated by Hom- 
Lohrens et al (1995). Since this is a desired property for an 
anti-CD30 antibody as part of an immunothetapeutic agent, we 
were especially interested in retaining the epitopc-specificity of 
the moab Ki-4 in our human anti-CD30 antibody. As shown in 
Figure 3, the epitope-specificity was retained for the murine and 
the himian scFv. Although the binding of phage antibodies was not 
completely inhibited by moab Ki-4, which might be due to higher 
avidity effects of phage (displaying up to five scFv molecules on 
their surface), competition for binding was not observed by addi- 
tion of moab Ki-3. The anti-sCD30-shedding property was 
retained as well, although it was significantly weaker for the 
monoTOlent anti-CD30 molecules, which correlates with their 
apparent bmding affinities (Figure 5). A bivalent scFv, like a 
diabody, may even be as potent as the bivalent moab Ki-4 
regardmg the CD30-shedding inhibition. Whether the human anti- 
CD30 scFv hAK30 will be as potent as the murine Ki-4 scFv as 
part of an an£i-CD30 immnnotherapeutic agent (Klimka et al, 
1999) has to be fiirther analysed, e.g. by fvising it to a human- 
derived toxin gene (Newton et al, 1996) in order to get a fully 
human, recombinant iirmunotoxin. 

In simimary, we have been able to derive a fimctional human 
anti-CD30 scFv (hAK30) firom the murine anti-CD30 scFv Ki-4 
by guided selection using human V-gene repertoires and phage 
display technology. The hAK30 scFv retains the epitope speci- 
ficity of its murine counteipart and inhibits the shedding of the 
CD30 receptor from the cell surface. 
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